Cultivated rice (Oryza sativa L.) is structured into five genetic groups, indica, aus, tropical japonica, temperate japonica and aromatic. Genetic characterization of rice germplasm collections will enhance their utilization by the global research community for improvement of rice. The USDA world collection of rice germplasm that was initiated in 1904 has resulted in over 18,000 accessions from 116 countries, but their ancestry information is not available. A core subset, including 1,763 accessions representing the collection, was genotyped using 72 genome-wide SSR markers, and analyzed for genetic structure, genetic relationship, global distribution and genetic diversity. Ancestry analysis proportioned this collection to 35% indica, 27% temperate japonica, 24% tropical japonica, 10% aus and 4% aromatic. Graphing model-based ancestry coefficients demonstrated that tropical japonica showed up mainly in the American continents and part of the South Pacific and Oceania, and temperate japonica in Europe and the North Pacific far from the equator, which matched the responses to temperature. Indica is adapted to the warm areas of Southern Asia, South China, Southeast Asia, South Pacific and Central Africa and around the equator while aus and aromatic are special types of rice that concentrates in Bangladesh and India. Indica and aus were highly diversified while temperate and tropical japonicas had low diversity, indicated by average alleles and private alleles per locus. Aromatic has the most polymorphic information content. Indica and aromatic were genetically closer to tropical japonica than temperate japonica. This study of global rice has found significant population stratification generally corresponding to major geographic regions of the world.
INTRODUCTION
Rice (Oryza sativa L) is one of the earliest domesticated crop species and has become the one of the world's most widely grown crops. Rice consumption constitutes about 20% of the world's caloric intake, and in Asian countries, where over half of the world's population lives, rice represents over 50% of the calories consumed [1] . Because of its small genome size, rice became the first crop species to have its genome completely sequenced [2, 3] and thus has become a model system for other grass species.
Oryza rufipogon, a member of more than 20 wild species in the genus Oryza [4, 5] , is commonly regarded as the wild progenitor of cultivated rice, O. sativa, which is divided into two sub-species: indica and japonica. Indica is the predominant subspecies representing about 80% of the world rice crop, and the remaining 20% is japonica [6] . The two sub-species differ distinctly in morphological and genetic characteristics [7] and their hybrids are highly sterile [8] . As a result, a wide compatibility gene is necessary to utilize hybrid vigor between the two sub-species [9] , which is greater than the vigor within either sub-species alone. This classification confirms the empirical distinction between them, which the Chinese recognized in literature as early as 100 AD [10] and called 'Hsian' for indica and 'Jing or Geng' for japonica [11] . The domestication from O. rufipogon to two sub-species of O. sativa is believed to have occurred several times [12] , but more recent studies indicate a single domestication [13] .
Molecular markers and more recently, high throughput genome sequence efforts, have dramatically increased the capability to characterize genetic diversity and population structure in plant germplasm pools [14] . Early studies divided the cultivated rice into six groups : indica, japonica, aus, aromatic, rayada and ashima [11] . Rayada and ashima are floating types of rice limited in special areas of Bangladesh and India. The former is responsive to photo-period, but the latter is not. Aus, drought-tolerant rice cultivars grown in Bangladesh and West Bengal, is further differentiated from indica. Japonica has been divided into three groups: tropical japonica or javanica, temperate japonica and aromatic [12, [15] [16] [17] . Because Rayada and ashima are minor and limited, research efforts have concentrated on five subgroups: indica, aus, tropical japonica, temperate japonica, and aromatic [12,15,17] .
Genetic incompatibility between indica and japonica results in hybrid sterility [8, 9, 18, 19] . Thus, hybrid rice which exhibits a yield advantage of 15 to 20 percent over the best traditional cultivars [20, 21] has been limited to parents within each sub-species [22] . However, because heterosis between the two sub-species, as observed in vegetative growth, panicle size and spikelets per panicle, is so pronounced, scientists consistently make an effort to overcome the sexual barrier [8, 9, 18, 19] . Analyses of genetic structure and relationships based on genetic differentiation in rice help design breeding strategies and overcome the sexual barrier for utilizing inter-subspecies heterosis. This subject has attracted numerous studies on five-model structure in rice genetics [11, 12, [15] [16] [17] [23] [24] [25] [26] . However, these studies were based on an evaluation of limited set of diverse materials ranging from 72 [16] to 330 accessions [24] instead of a complete worldwide collection. The only study on a complete rice collection was done by Zhang et al. [27] , where ecotypes in both indica and japonica of the China national collection were analyzed.
Genetic structure is usually inferred using the model-based clustering algorithms implemented in STRUCTURE [28] [29] [30] and TESS [31] . Admixture coefficients of population as the outputs of STRUCTURE or TESS analyses could be integrated in other programs to demonstrate geographical structure of populations [32] . These computer programs have been widely used for analysis of genetic structure in rice [17, 23, 24] .
The rice world collection in the USDA National Plant Germplasm System (NPGS) started in 1904 [33] and contains over 18,000 accessions from 116 countries representing 12 Oryza species with 99% originating from O. sativa [34] . However, ancestry information is not available for these accessions. A core subset including 10% of the collection has proven to well represent the whole collection [35] , so is a good subset for genetic assessment of the collection.
Using genotypic information of the core subset generated by 72 genome-wide SSR markers, the objectives of this study were to 1) characterize genetic structure of ancestry population, 2) analyze geographic distribution of each population in rice growing areas of the world, and 3) describe genetic diversity and specialty in each of the populations, including average alleles distinct and private to a population in the USDA rice world collection. The resulting information could help design genetic strategies for gene transfer among genetic populations and utilization of hybrid vigor between genetic populations.
MATERIALS AND METHODS

Materials and Genotyping
Advantages for using core subset strategy in germplasm characterization and management of a large collection have been well documented [35, 36] . A core collection of 1,794 accessions was developed using a stratified random sampling method [37] . Evaluation of the core collection has been applied to 14 characteristics with agronomic and quality importance [35] , and resistance to biotic and abiotic stresses including straighthead disorder [38] . Genetic information resulted from this study combining with phenotypic evaluations would help understand this collection. This core collection genotyped by 72 single sequence repeat (SSR) markers was studied for our objectives. Purification of each core accession was conducted using single plant selection to remove 'heterogeneity' for genotyping purpose [39] . The SSR markers were distributed over the entire rice genome about every 30 cM in genetic distance [39] . Total genomic DNA was extracted using a rapid alkali extraction procedure [40] from a bulk of five plants representing each accession. PCR amplifications of the markers followed the protocol described by Agrama et al. [39] . DNA samples were separated on an ABI Prism 3730 DNA analyzer according to the manufacturer's instructions (Applied Biosystems, Foster City, CA, USA). Fragments were sized and binned into alleles using GeneMapper v. 3.7 software.
Nine accessions were excluded from analysis because of their unknown (four accessions) and uncertain (two) originations and failure during processing (three) as well as 22 other species. The remaining 1,763 accessions of Oryza sativa were analyzed using the following methods. Structural ancestry of each accession was inferred by 40 reference cultivars that have known structural information, which are marked in the Supplementary Table. There were 17 core accessions, 19 cultivars commercialized in the U.S. and four in China, respectively. Two of the core accessions originated in the U.S. as well. Forty reference cultivars had five aromatic, three aus, eight indica, four temperate japonica and 20 tropical japonica types described by Garris et al. [17] , Agrama and Eizenga [23] , Agrama and Yan [41] , Mackill [6] and McNally et al. [42] . Twenty-one U.S. reference cultivars included one indica (Jasmine 85), two temperate japonicas grown in California (M201 and M202), and 18 tropical japonicas commercialized in the southern states.
Each country from which germplasm originated was grouped in the geographic region according to the United Nations Statistics Division (http://unstats.un. org/unsd/methods/m49/m49regin.htm). Latitude and lo--ngitude of each accession were downloaded from the USDA Germplasm Resources Information Network (GRIN, www.ars-grin.gov) when available. They were inferred using coordinate location of the state or province where it was collected if the location is marked in the GRIN. Otherwise, the location was inferred using the location of its capital city for the accession to be collected.
Statistical Analysis
Genotypic data of 72 SSR markers for 1,763 core accessions plus additional 23 reference cultivars were used to decide putative number of structures at first. Genetic structure was inferred using the admixture analysis model-based clustering algorithms implemented in TESS v. 2.1 [31] . TESS implements a Bayesian clustering algorithm for spatial population genetics. Multi-locus genotypes were analyzed with TESS using the Markov Chain Monte Carlo (MCMC) method, with the F-model and a ψ value of 0.6 which assumes 0.0 as non-informative spatial prior. To estimate the K number of ancestral-genetic populations and the ancestry membership proportions of each individual in the cluster analysis, the algorithm was run 50 times, each run with a total of 70.000 sweeps and 50.000 burn-in sweeps for each K value from 2 to 9. For each run we computed the Deviance Information Criterion (DIC), the log-likelihood value [43] and rate of change in the log-likelihood value (∆K) [44] , which are the model-complexity penalized measures to show how well the model fits the data. The putative number of populations was obtained when the DIC and ∆K values were the smallest and estimates of data likelihood were the highest in 10% of the runs. Similarity coefficients between runs and the average matrix of ancestry membership were calculated using CLUMPP v. 1.1 [45] .
Each accession in the core collection was grouped to a specific cluster or population by its K value resulted from cluster analysis using TESS. The sub-species ancestry of each K was inferred by the reference cultivars for indica, aus, aromatic, temperate japonica, and tropical japonica rice. Analysis of molecular variance (AMOVA) [46] was used to calculate variance components within and among the populations obtained from TESS in the collection. Estimation of variance components was performed using the software ARLEQUIN 3.0 [47] . The AMOVA-derived Φ ST [48] is analogous to Wright's F statistics differing only in their assumption of heterozygosity [49] . Φ ST provides an effective estimate of the amount of genetic divergence or structuring among populations [46] . Significance of variance components was tested using a non-parametric procedure based on 1,000 random permutations of individuals. The computer package ARLEQUIN was used to estimate pair-wise F ST [50] for the five populations obtained from TESS.
Multivariate analysis such as principle coordinates analysis (PCA) provides techniques for classifying the inter-relationship of measured variables among populations. Multivariate geo-statistical methods combine the advantages of geo-statistical techniques and multivariate analysis while incorporating spatial or temporal correlations and multivariate relationships to detect and map different sources of spatial variation on different scales [51, 52] . Geographical spatial interpolation of principal coordinates of latitude and longitude and admixture ancestry matrix coefficients (Ks) calculated in TESS for each accession were represented by kriging method [32] as implemented in the R statistical packages 'spatial', 'maps' and 'fields' [53,54] for visualizing distribution in the world map.
Principal coordinates analysis (PCA) was conducted using GenAlex 6.2 [55] software to structure the core collection genotyped by 72 SSR markers, and generate the PCA. Geo-statistical and geographic analysis was based on CNT coordinates of latitude and longitude where a core accession originated using the R statistical packages. Polymorphism information content (PIC) and number of alleles per locus in each sub-species population were estimated using PowerMarker software [56] . Number of distinct alleles in each population and number of alleles private to each population that is not found in other populations, were calculated using ADZE program (Allelic Diversity AnalyZEr) [57] . ADZE uses the rarefaction method to trim unequal accessions to the same standardized sample size, a number equal to the smallest accessions across the populations.
RESULTS
Number of Populations and Their Ancestries
Structural analysis for 1,763 accessions in the USDA rice core collection plus 23 reference cultivars genotyped with 72 molecular markers using TESS program [31] resulted in the most sharp variation of both the log-likelihood value Deviance Information Criterion (DIC) and its change rate (∆K) till the putative number (K) of populations reached five, indicating the most likelihood structure of the collection (Figure 1) . The inferred ancestry estimate of each accession in each K is presented in the Supplementary Table (Sup Table) . Similarly, principle coordinates (PC) analysis of Nei's genetic distance [58, 59] classified the core accessions into five clusters by PC1 and PC2 including 71% of total variances (Figure 2) . Both structure and PC analyses indicated that five populations sufficiently explained the genetic relationship in the core collection. Analysis of molecular variance (AMOVA) showed that 38% of the variance was due to genetic differentiation among the populations ( Table 1) . The remaining 62% of the variance was due to the differences within the populations. The variances among and within the populations were highly significant (P < 0.001).
Among 40 reference cultivars, 20 that are known tropical japonica (TRJ) were classified in K1, four known temperate japonica (TEJ) in K2, eight known Among 418 accessions of tropical japonica rice in the collection, the majority is collected from Africa (100 or 24%) and South America (88 or 21%), followed by Central America (15%), North America (13%), South Pacific (6%), Southeast Asia and Oceania (5% each) (Figure  3(a) , Sup Table) . The remaining accessions scattered in other regions. North America had 70 accessions in total and 55 were grouped in tropical japonica, which was the highest percentage (79%) among 14 regions, followed by Central America (56%), Africa (49%) and South America (41%). Among 112 countries, the U.S. in North America had the highest percentage (92%) of accessions, followed by Cote d'lvoire and Zaire (91%) in Africa and Puerto Rico (72%) in Central America.
Most temperate japonica rice is collected from Western and Eastern Europe (20% each), followed by North Pacific (14%), South America (10%), Central Asia (7%) and North China (7%) (Figure 3(b) , Sup Table) . Similarly, Western and Eastern Europe had the highest percentage (85% each) of temperate japonica, followed by North Pacific (55%) and South America (20%). Hungary accessions had the highest percentage (97%), followed by Italy (89%), Russian Federation and Portugal (83% each).
Based on United Nations' classification, region China includes Mongolia, Hong Kong, Taiwan and China itself. Most indica rice (25%) is collected from region China, followed by the Southern Asia (14%), South America (13%), Southeast Asia and Africa (10% each) (Figure  3(c) , Sup Table) . Region China had the highest percentage (72%) of indica, followed by South Pacific (57%), Southeast Asia (53%), Southern Asia (38%) and Africa (29%). Also, country China had the highest percentage (84%) of indica, followed by Columbia (81%), Sri Lanka (80%) and Philippines (68%).
About half of the aus rice in the collection was sampled from the Southern Asia (48%), followed by Africa (16%), Middle East (11%), South America and Southeast Asia (7% each) (Figure 3(d) , Sup Table) . Southern Asia had the highest percentage (40%) of aus, followed by Middle East (21%), Africa (14%) and Southeast Asia (10%). Bangladesh had the highest percentage (63%) of AUS, followed by Iraq (64%), Pakistan (49%) and India (40%).
Aromatic rice in the collection originated mainly from Pakistan (20%) and Afghanistan (13%) in the Southern Asia and Azerbaijan (15%) in Central Asia, representing 37%, 44% and 57% of total core accessions from these countries, respectively (Figure 3(e) , Sup Table) . Supplementary Table) .
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In general, indica is grown in tropical and subtropical regions of low latitude and low altitude with warmer climate conditions, while japonica in high altitudes or temperate regions of high latitudes with cooler climate conditions. As indicated by the name, tropical japonica is more tolerant to warm climate conditions than temperate japonica. Temperate japonica is predominantly grown across Northeast Asia, Europe, Western U.S. and Australia, while tropical japonica is most common in Southeast Asia, Southern China, Southern U.S., and the uplands of Latin America and Africa [22] . Aromatic is special fragrant rice such as 'Basmati' type of cultivars grown in the Himalayan region including Pakistan, Nepal and India. Both aus and aromatic are small groups and concentrated in Bangladesh and India. Indica is grown on about 80% of the world's total rice area with the remaining 20% japonica [6] . In fact, indica and japonica cultivars can be found sympatric in many areas. In mountainous regions of Bhutan, Nepal and Yunnan Province of China, indica is grown at lower elevations and japonica at higher elevations. Occasionally, indica and japonica cultivars can be found in the same village or same field [61] .
Occurrence or distribution of indica and japonica cultivars is largely affected by human activity. During the Indonesian expansion to Madagascar, many tropical japonica cultivars grown locally and indica cultivars from South Asia were introduced [62] . A consequence of these waves of introduction of rice is inter-subspecific (indica/japonica) hybridization, resulting in a variety group specific to Madagascar. The aforementioned distribution of rice groups has completely depended on germplasm survey and exploration. Through the USDA rice world collection we are able to visualize the global distribution of each group of accessions and their genetic differences, using structural analysis of molecular markers with geographical regions. This visualization highly matches with the survey reported previously [12, [15] [16] [17] 62 ]. This matching is evident that molecular information can be utilized for geographic study which is usually done by investigation or survey that is more costly in time and money than the lab work for molecular data. This study of global rice has found significant stratification generally corresponding to major geographic regions of the world. Stratification in plant diversity panels and breeding populations appears to resemble the level found in many studies. For example, sixteen of 21 studied populations were differentiated into three or more subgroups using STRUCTURE [63] . To provide an additional, and rather different, type of algorithm against which to compare our structure, we also analyzed the data using principal coordinates analysis (PCA). It has been shown [64] that the resolution of PCA methods and STRUC-TURE are quite similar in many cases.
Genetic differentiation between indica and japonica is ancient, resulting in a sterility barrier associated with the hybrids between these two subspecies except when wide compatibility genes are present [8, 9, 22] . The barrier limits commercial hybrid rice within each subspecies. However, development of indica/japonica hybrids has showed immense yield potential compared with intra-subspecies hybrids due to genome diversity. Hybrid vigor or heterosis is expressed as a function of additive, dominant and epistatic gene effects which is positively associated with gene diversity [65] . The more genetically distant the parents are, the stronger heterosis should be expected. As a result, genetic diversity and relationship among these types of rice will help design breeding strategies for overcoming sexual barrier and optimizing heterosis on characteristics with agronomic importance.
Indica is about equally and genetically distant to aus and aromatic, but far away from temperate japonica and tropical japonica. Indica is highly diversified, as indicated by the most alleles per locus and the second most private alleles per locus and the third most polymorphic information content (PIC) among the five groups. Tropical japonica is close to aromatic and temperate japonica, but far from aus and indica. Tropical japonica has the second lowest alleles per locus and PIC. Temperate japonica is genetically farther from indica than tropical japonica and has the lowest PIC and average alleles and private alleles per locus among the five groups. Aus is mostly distant from temperate japonica and then from tropical japonica, indica and aromatic, and has the most private alleles per locus and the second most average alleles per locus and PIC. Aromatic has the closest genetic relationship to tropical japonica, which is similar to aus and indica, and then to temperate japonica. In terms of genetic diversity, aromatic has the most PIC.
We confirmed that japonica is genetically less diversified than indica and its diversity is even smaller in temperate japonica than in tropical japonica. However, our results could not completely agree with the division of aromatic from japonica, concluded previously because F ST of aromatic with temperate japonica (0.317) is larger than that with indica (0.284). Hybrid sterility between indica and japonica occurs because of their genetic distance. Therefore, a wide-compatibility gene has to be adapted for good seed set. Indica is closer to tropical japonica than temperate japonica. The genetic relationship makes sense, because almost all the cultivars bred in the Southern U.S., which belongs to tropical japonica [6] , are widely compatible for the inter-subspecies 
REFERENCES
